The semiclassical formalism of Robert and Bonamy is used to calculate the linewidths of rovibrational transitions of ammonia in collision with argon. Two accurate ab initio potential energy surfaces (PES) have been applied to model the NH 3 -Ar interactions. In this work and contrary to our previous calculations, the transitions with DK = ±3n (n integer) have been introduced into the expressions of the differential collision cross section S(b). Comparisons with previous theoretical and experimental studies are reported. A detailed analysis of the contribution of the various anisotropic components of the PES shows that the induced DK = ±3 transitions play a crucial role. Calculations performed in the m 4 and m 1 vibrational bands of NH 3 are in good agreement with the experimental data and correct dependences of the broadening coefficients with the rotational quantum numbers J and K are obtained.
Introduction
Because of its inversion motion characterized by its very close rotational energy levels, ammonia has been the subject of numerous studies. Ammonia provided the first natural-resonance-based frequency standard using microwave transitions and is nowadays a very important molecule for fundamental spectroscopy, metrological applications, or fundamental physics tests [1] [2] [3] [4] . It was detected in the atmospheres of the giant planets [5] (4th in abundance after, H 2 , He and CH 4 ) and represents the first polyatomic molecule observed in the interstellar medium [6] . Radio frequency observations of interstellar ammonia play an important role in interpreting the physical conditions of galactic and extra-galactic objects [7] . Rotational energy transfers of ammonia molecules in collisions with noble gases, and argon in particular, have attracted great interest in the last years.
More generally accurate information on broadening coefficients of vibration-rotational spectral lines of molecules in different environments is crucial for numerous modern applications such as absolute measurement of ammonia concentration in air [8, 9] .
In the semiclassical calculations of the line broadening parameters, the translational motion, driven by the isotropic part of the intermolecular potential, is treated classically. The internal (rovibrational) dynamics of the molecules is treated independently using more accurate quantum models. This allows to perform calculations in reasonable computational times, in particular for the numerous cases that can't, up to now, be handled through full quantum models.
Whatever the kind of treatment, the collision dynamics calculations essentially rely on the accuracy of the intermolecular potential energy surface. The interaction potential between two molecules is just the difference between the electronic energy at some intermolecular distance, R, and the electronic energy of the separated molecules. The methods of obtaining the potential surface range from completely ab initio theoretical treatments, through varying degrees of semi-empirical treatments, to direct inversion of experimental measurements.
The most rigorous method of obtaining theoretical potential surfaces is based on ab initio quantum chemical methods. The precise method used for ab initio calculations depends on the region of the interaction that is of interest. It is thus convenient to divide the interaction into short and long range contributions. The main contributors to the long range behavior are the electrostatic, induction and dispersion energies [10] .
Measurements and theoretical studies of linewidths of NH 3 broadened by Ar have already been published for different bands [11] [12] [13] [14] [15] . Collisional linewidths can also be evaluated from the collisional broadening cross sections. Three main approaches have been developed in the past years: classical [16, 17] , semiclassical [18] , and pure quantum models [19, 20] . For NH 3 -Ar system, close coupling (CC) and coupled states (CS) calculations of state-to-state total cross sections using an ab initio potential energy surface (PES) have been carried out by Van der Sanden et al. [21, 22] . Recently, Hadded et al. [23] have studied line-mixing effects of NH 3 perturbed by Ar by using the energy corrected sudden approximation. In a previous paper [12] some of us performed semiclassical line broadening calculations of NH 3 in collision with Ar using a simplified model where the PES has been expanded over Legendre polynomials up to the second order with adjustable parameters for the intermolecular potential. The calculations gave a satisfactory agreement with the experimental data but exaggerate the K dependence of the broadening coefficients.
In this paper, we present new results of the broadening coefficients calculation for the NH 3 -Ar system using two PESs. The first one is that developed by Bulski et al. [26] and the second one is the recently published by Loreau et al. [27] . The anisotropic components of the second PES were developed over spherical harmonics and fitted by simple radial power laws.
In a recent paper [24] we performed semiclassical calculations of halfwidths of NH 3 -He by using an ab initio PES, and considering only collision-induced transitions with DK = K 0 À K = 0. Presently, in order to improve the accuracy of our calculations, we have taken into account the DK = ±3n (n integer) transitions observed by Oka [25] for NH 3 perturbed by rare gases.
The paper is organized as follows. Section 2 recalls the description of the ab initio PESs. Section 3 explicitly describes the semiclassical calculations within the Robert-Bonamy (RB) framework, including the representation of the PESs and the calculations of the differential cross section S(b). Section 4 contains the results and discussions. Conclusions are reported in Section 5.
Ab initio potential energy surface
The most crucial point of the calculation of the collisional parameters is the choice of the intermolecular potential describing the interaction. For our study, two potential energy surfaces were considered [26, 27] . The goal of this section is to briefly outline the main features of the PESs used in the calculations.
The first potential energy surface for the argon-ammonia van der Waals complex used in this work is the one of Bulski et al. [26] . A four-dimensional ab initio PES was computed as a function of the spherical coordinates (R, h, u) that define the position of the argon atom relative to the center of mass of ammonia as well as a function of q, which describes the inversion motion of NH 3 . Four different HNH (''umbrella") angles of ammonia (100°, 106.67°, 113.34°, and 120°) were considered. For each value of q, the potential was obtained by a combination of Heitler-London short-range calculations and multipole-expanded dispersion and induction long-range contributions. A Tang-Toennies-like damping is applied to the long-range energy. Each surface is given analytically in the form of a spherical harmonic expansion through k = 7 (k is the tensorial rank of the spherical harmonics), where the expansion functions depend on the polar angles of the argon atom with respect to the principal axes of NH 3 . The expansion coefficients are represented by functions depending on the distance between the monomers (see below).
Recently, a new four-dimensional potential energy surface for the interaction of NH 3 with Ar was presented [27] , in which the umbrella motion of the ammonia molecule was explicitly taken into account. This PES was computed for 6820 geometries using the coupled-cluster method with single, double, and perturbative triple excitations and large basis sets. The energies include scalar relativistic and basis set superposition error corrections. The PES was shown to provide good agreement with the extensive spectroscopic data [27] as well as with recent scattering experiments [28] .
In order to obtain an analytic representation of the potential, the authors have expanded it on tesseral harmonics [26, 27] where R is the center of mass separation. h is the angle between the vector R and the C 3 axis, and u is the angle of rotation of this vector around the C 3 axis. q is the umbrella angle, which describes the inversion motion of ammonia. The t kl (R, q) radial terms of Loreau et al. PES [27] are tabulated over a numerical grid of points. [27] and PES2 of Bulski et al. [26] . Fig. 2 . Selected radial coefficients of the PES1 of Loreau [27] and PES2 of Bulski [26] . Symbols represent the ab initio values. The solid lines correspond to the fit.
Table 1
Molecular parameters used and appearing in Eq. (6) .
NH 3 Ar 
The PES of Ref. [27] was calculated with the position of the argon atom defined relative to the nitrogen atom rather than to the center of mass of NH 3 . The potential was therefore reexpanded in terms of the center of mass coordinates. The transformation of the former system of coordinates to the latter is given in Ref. [27] .
In this work the potential for the equilibrium angle q e is applied to the computation of the linewidths. For simplicity, hereafter, we shall denote v kl ðR; q e Þ as v kl ðRÞ. In order to compare the PES of Loreau [27] with the one of Bulski [26] , we display in Fig. 1 [27, 29] . Whereas for intermolecular distances larger than 6 Å values of the radial functions v kl ðRÞ are close they differ substantially at short distances. Only v kl ðRÞ with l = 3n 6 k are nonzero because of the C 3v symmetry. The summation over k is usually truncated at k = 4, because contributions from higher orders to the calculations of pressure broadening coefficients are often very small [30, 31] .
The radial coefficients v kl ðRÞ were analytically fitted by a function as:
The energy parameters C ðmÞ kl and C ðnÞ kl derived from a least squares fitting of the v kl 's are given in Table 2 . Some values of v kl ðRÞ expressed in cm
À1
, are displayed in Fig. 2 as a function of intermolecular distance with their respective fits for the two PESs used.
To describe interactions between molecules, the intermolecular potential can be considered as the sum of two contributions, namely
The potential energy surface contains an isotropic part (k = l = 0).
while the anisotropic part V aniso contains the components with k > 0. The isotropic part of the potential V iso , is usually fitted to a simple Lennard-Jones 6-12 (LJ) function
The characteristic molecular coefficients e and r are two parameters of the isotropic potential designating the depth of the potential and the radius of action of the repulsive forces, respectively. These two quantities have been deduced from a least squares fitting of V iso with a LJ 12-6 potential. The results are listed in Table 1 for each PES [26, 27] . Fig. 3 shows a comparison between the numerical ab initio isotropic part of the PESs used and the best-fitted analytical ones. We can observe a good description near the well depth minimum value of the isotropic part of the potential.
Semiclassical Robert-Bonamy calculations
Calculations have been realized in the framework of the Robert and Bonamy semiclassical theory [18] . The implementation presented here comes as a direct extension of the works done for NH 3 [24, 12, 32] .
The parabolic trajectory model provides a description that is particularly valuable for systems characterized by close collisions, because the parabolic model is only valid at short intermolecular separations. The trajectory of the relative motion is driven by the isotropic part of the interaction potential V iso , which is thus treated as a one-body problem, since an isotropic potential implies a radial force. With such a force, the movement can only happen in a plane. A more detailed description of the parabolic approximation can be found in Ref. [18] .
The traditional parabolic trajectories have been used following the method described in the original RB article [18] . The main advantage of using the parabolic trajectory, as compared to the ''exact" trajectory method [33] [34] [35] is that it is less timeconsuming. Following Ref. [18] the expression of line broadening of transition f i is given by
where c is the speed of light, n 2 is the number density of the perturber, f ðtÞ is the Maxwell-Boltzmann distribution of relative velocity, t 0 c is the apparent relative velocity at the time of closest approach, R c is the distance of closest approach of the relative trajectory and R min is the value of R c for head-on collisions. S 2;fi is the second order part of the interruption function, which depends on the anisotropic interaction forces [18] :
In the right-hand side of Eq. (8), the first two terms describe all inelastic transitions from the initial and final levels of the optical transition. The third term describes elastic processes like the reorientation of the total angular momentum during a collision for both states. Each of these terms is developed in terms of matrix elements of the tesseral harmonics N. By neglecting the effect of the vibration, the rotational states of ammonia are specified by the four quantum numbers J, K, M, and e = ±1 (for K > 0), that labels the inversion splitted levels. For the description of a symmetric top molecule like ammonia, the rotational wave function can be written as [36] . In order to evaluate the N-matrix elements, we first evaluate the matrix elements of Y. As shown in Eq. (9) of the work of Green [36] 
with ½J ¼ 2J þ 1 and Á Á Á Á Á Á the usual 3j angular momentum coupling symbol. By expanding the PES in the orthogonal tesseral m 0 is the line position.
Calc1: Calculations done using the PES of Loreau [27] . Calc2: Calculations done using the PES of Bulski [26] . Dc (%): Differences between the experiment and calculated widths in percent [14] . b Ref. [11] . harmonics (Eq. (1)) and considering collision-induced transitions with DK = ±3n (n integer) [37] , the analytical expression for k;l S outer 2;i may be written as
with the parity factor P ¼ ðÀ1Þ 
In the above expressions, 
Consequently, only the k;0 S middle contributions with k even leads to a non vanishing middle term. According to the expression for quantities k;l S 2 , collisional transitions in the active molecule are determined by the factor 1 þ e i e 0 i ðÀ1Þ
Eq. (14) and the Clebsch-Gordan coefficients CðJ i kJ i ; K i AE lK i Þ, which obey the ordinary selection rules for the quantum numbers J The trajectory-dependent part in Eqs. (11) and (12) is the a kl function defined below
In Eq. (13) , the x JKe;J 0 K 0 e 0 is the energy spacing between two levels. The U kl coefficient is related to the radial potential functions, the collision angle, and the intermolecular distance in the following manner:
This equation results from Eq. (1) where the tesseral harmonics have been rotated from the body-fixed coordinate system [27] , Fig. 1 to the space-fixed one [18] , Fig. 5 , to which the collision coordinates refer. The time integration in Eq. (13) is the central part of the numerical RB calculations. We have developed a numerical code to perform the calculations of the a kl functions, as an extension to the previous codes that relied on analytical calculations of the time integrations (or more precisely the resonance functions).
Results and discussion
The theoretical methods described above were applied to the calculation of the argon pressure broadening coefficients of lines belonging to the Tables 1-3 of Ref. [24] . The results are illustrated in Tables  3 and 4 , and graphically in Figs. 4-6. Figs. 4 and 5 present our results along with the measurements of [11] [12] [13] [14] . To separate the halfwidths of lines with the same J but different K, data are plotted vs J + 0.1(J À K). As can be seen from these figures, for both PESs used, a good agreement is obtained with the experimental data. We notice the calculations exaggerate the K dependence of the broadenings, especially for lines with K close or equal to J.
The calculations using both PESs were compared to the measurement database [11] [12] [13] [14] in Tables 3 and 4 . The average percent difference between the calculations and the measurements for each potential model are very similar; 7.32% for the Calc1 (done Transitions with DK -0 are caused by radial terms v kl with l -0, as shown in Fig. 6 the semi-classical calculations approach highlight the importance of the v 33 and v 43 terms to the linewidths. These radial terms are responsible of the transitions DK = ±3. This is not surprising, and was already noticed by Bonamy et al. [37, 38] .
To compare the results obtained with the two PESs, we listed in Tables 3 and 4 the relative differences between the experimental and calculated widths in percent. Owing to these differences, we consider the agreement as satisfactory in each case.
Finally, to the best of our knowledge, for the NH 3 -Ar system, no calculated line broadening coefficients, based on an ab initio potential, have ever been published. The only theoretical data have been reported in references [12, 13] , and are based on an effective intermolecular potential of Smith, Giraud and Cooper [39] which contains four adjustable parameters (A 1 , R 1 , A 2 , R 2 ).
Conclusion
Based on two ab initio PESs for the NH 3 -Ar system, semiclassical calculations of ammonia linewidths have been performed. All molecular parameters (e, r, C n kl ) used in this work are the best fit of the isotropic and anisotropic components of the considered PESs. No molecular constants are adjusted to give better agreement with experiment.
Despite the defects of the semiclassical model used [20] and the approximate use of ab initio PESs, we have shown that the DK = ±3 transitions, due to v 33 and v 43 terms of potential play a significant role in the collisional linewidths, especially for the low values of K (K 6 3). Moreover, on the overall the calculated linewidths for the two bands considered are in quite good agreement with the experimental data.
